Mitochondria adopt a variety of different shapes in eukaryotic cells, ranging from multiple, small compartments to elaborate tubular networks. The establishment and maintenance of different mitochondrial morphologies depends, in part, on the equilibrium between opposing fission and fusion events. Recent studies in yeast, flies, worms and mammalian cells indicate that three highmolecular-weight GTPases control mitochondrial membrane dynamics. One of these is a dynamin-related GTPase that acts on the outer mitochondrial membrane to regulate fission. Recently, genetic approaches in budding yeast have identified additional components of the fission machinery. These and other new findings suggest a common mechanism for membrane fission events that has been conserved and adapted during eukaryotic evolution.
Owing to its many experimental advantages, the budding yeast Saccharomyces cerevisiae has emerged as a powerful system to study mitochondrial dynamics. The cells of most organisms cannot survive after mitochondrial DNA (mtDNA) is mutated or lost, and oxidative phosphorylation and ATP production are blocked. By contrast, yeast cells without functional mtDNA can be propagated and studied as long as they maintain a mitochondrial compartment and are provided with a fermentable carbon source such as glucose. Because many nuclear mutations that alter mitochondrial morphology also cause mtDNA loss, S. cerevisiae is one of the few experimental organisms in which the effects of these mutations can be examined and the corresponding genes characterized in detail.
In wild-type yeast cells, mitochondria form an extensive tubular reticulum near the plasma membrane (Fig. 1a ). This morphology is maintained by balanced fission and fusion events that occur approximately every two minutes ( Fig. 1b) [7] . The fission and fusion of the inner and outer mitochondrial membranes occur in tandem, although the mechanisms by which this coordination is accomplished are not understood. Fission can occur within a tubule or at a branchpoint in the reticulum and is regulated by a GTPase called Dnm1p [8] [9] [10] . Fusion always occurs between two mitochondrial tips or between the tip and the side of a tubule, and is regulated by the transmembrane GTPase Fzo1p [11, 12] . A third GTPase, called Mgm1p, localizes to the intermembrane space and plays an important, but as yet undetermined, role in mitochondrial compartment remodeling [13] [14] [15] . The domain structure, localization and function of all three GTPases are depicted in Fig. 2 .
This view of mitochondrial membrane dynamics has been validated by studies of yeast mutants in which mitochondrial fission or fusion has been selectively blocked. In dnm1 mutant cells, mitochondrial fission is abolished but fusion of mitochondrial tips continues, resulting in the formation of elaborate 'net-like' structures ( Fig. 3, left) [9, 10] . By contrast, mitochondrial networks rapidly fragment in fzo1 mutant cells because mitochondrial fusion is blocked but fission continues unopposed ( Fig. 3, right) [11, 12] .
Large GTPases regulate mitochondrial membrane remodeling
The first known molecular regulator of mitochondrial fusion, Fzo, was discovered in Drosophila melanogaster, where it is required for a developmentally regulated mitochondrial fusion event during spermatogenesis [16] . The function of Fzo in mitochondrial fusion has been conserved during evolution as homologs have been identified in a range of other organisms including yeasts, worms, plants and humans [16] . Detailed analysis of yeast Fzo1p provided a direct demonstration that this GTPase regulates mitochondrial fusion. First, loss of Fzo1p function results in the rapid fragmentation of mitochondrial tubules, as described above, because fusion is blocked but fission continues unopposed [11, 12] . Second, the mitochondrial fusion that normally occurs after two haploid yeast cells mate is blocked in the absence of Fzo1p function [11] . Recently, two additional Fzo homologs, termed 'mitofusins', were identified in Homo sapiens and implicated in mitochondrial fusion, confirming the important role that mitochondrial fusion plays in eukaryotic organisms [17] . Other components are likely to be involved in Fzo1p-dependent mitochondrial fusion. Indeed, a novel outer mitochondrial membrane protein called Ugo1p was recently identified in yeast and shown to be required for this process [18] . The exact role of Ugo1 in fusion and its functional relationship to Fzo1 are currently not known.
The predicted protein domains of the S. cerevisiae Fzo1 GTPase are shown in Fig. 2 . Like all the Fzo family members, yeast Fzo contains an N-terminal GTPase domain that is essential for fusion activity and two transmembrane domains near the C-terminus. The transmembrane domains anchor the protein in the outer mitochondrial membrane, leaving most of the N-terminus, the GTPase domain and the C-terminal tail extending into the cytoplasm (Fig. 2) . Two strongly predicted -helical domains near the N-and C-termini of the protein (not shown) have the potential to form coiled-coil structures and might stabilize interactions between Fzo1 proteins and/or as-yet-unidentified protein binding partner(s). Between the two transmembrane domains, a ten amino acid loop extends into the intermembrane space. Several studies suggest that this loop contacts the inner membrane [11, 12] and might play a role in coordinating the behavior of the inner and outer membranes during fusion [19] .
In contrast to Fzo1p, Dnm1p and Mgm1p are structurally related to the dynamin GTPase, which has a well-established role in membrane fission and vesicle release during endocytosis [20] . Like dynamin, Dnm1p and Mgm1p have an N-terminal GTPase domain that is required for function, a middle domain of ~150 amino acids, a divergent sequence called insert B and a C-terminal -helical (AH) domain or GTPase effector domain (GED) ( Fig. 2) [21] . The Mgm1 protein is presumably targeted to the mitochondrial compartment via a unique N-terminal extension. Homologs of both Mgm1 and Dnm1 have been identified in a range of other organisms including humans. Although defects in the function of the mammalian Dnm1p homolog have not yet been linked to human disease, mutations in a human homolog of Mgm1p (encoded by the OPA1 gene) are linked to a form of dominant optic atrophy that causes childhood blindness [22, 23] .
Studies in budding yeast indicate that the Mgm1p GTPase plays a complex, but as yet undefined, role in regulating mitochondrial membrane dynamics. Uncertainty about the role of Mgm1p in mitochondrial structure stems, in part, from a debate about its localization. In S. cerevisiae Mgm1p was reported to be an outer mitochondrial membrane protein exposed to the cytoplasm [14] , whereas Schizosaccharomyces pombe Mgm1p/Msp1 was reported to be a matrix protein [24] . Recently, however, new studies using both functional hemagglutinin-tagged forms [15] Additional immunoelectron microscopy experiments revealed that Mgm1p is associated with the inner membrane, concentrated along inner mitochondrial membrane cristae [15] . Based on this localization and on the structural similarities between Mgm1p and dynamin, it is reasonable to postulate that Mgm1p assembles around mitochondrial inner membranes and mediates inner membrane fission ( Fig. 2 ). Alternatively, Mgm1p assembled around portions of the inner membrane might play an important role in generating or maintaining mitochondrial cristae ( Fig. 2 ). Finally, because Mgm1p is in a position to interact with fission and fusion molecules that extend from the inner and outer mitochondrial membranes into the intermembrane space, this GTPase might play a unique role in coordinating the behavior of both membranes during the fission and fusion reactions [15] .
Phenotypic analyses of mgm1 mutant cells indicate that the Mgm1 protein also controls mitochondrial membrane dynamics. When Mgm1 function is impaired in yeast, mitochondrial tubules rapidly fragment [15] and mtDNA is subsequently lost [14, 15, 25] . Mitochondrial fragmentation in mgm1 cells could be the result of a block in fusion or, alternatively, activation of Dnm1p-dependent fission. Both of these possibilities are consistent with the observation that mitochondrial fragmentation is blocked in mgm1 mutant strains in which fission has been abolished by mutation of DNM1 [15, 32] . The role of Mgm1p in fusion has also been examined by monitoring mitochondrial fusion during mating between yeast strains containing mutant mgm1 alleles [15] . To avoid indirect effects resulting from the fragmentation of mitochondrial membranes, fusion was examined in mgm1 zygotes in which mitochondrial tubules were restored by deletion of the DNM1 gene. Surprisingly, these studies revealed that the effect of mgm1 mutations on mitochondrial fusion is allele specific. Although an mgm1 temperature-sensitive allele supported mitochondrial fusion in zygotes even after prolonged exposure to the non-permissive temperature [15] , fusion was blocked in mgm1 null zygotes (E.D. Wong et al., unpublished; A.D. Mozdy et al., unpublished). One explanation for these disparate observations is that, in mgm1-null cells, mitochondrial ultrastructure is disrupted to such an extent that mitochondrial fusion is blocked secondarily. Alternatively, these findings might indicate that the temperature-sensitive mgm1 allele tested is a hypomorph and that Mgm1p is somehow required during the mitochondrial fusion event. More studies are currently under way to elucidate the function of Mgm1p in membrane dynamics.
Fission and the outer membrane GTPase Dnm1p
The role of the Dnm1p GTPase in mitochondrial dynamics was first uncovered in a screen for yeast mutants with defective mitochondrial morphology [8] . Subsequent studies (described above) suggested that loss of Dnm1p function blocked mitochondrial fission but allowed the fusion of mitochondrial tips to continue, resulting in the formation of elaborate net-like structures [9, 10] . Most importantly, the mitochondrial fragmentation induced by a fzo1 mutation no longer occurred in cells containing a dnm1 mutation [9, 10] . This result provided a direct demonstration that mitochondrial fragmentation in fzo1 was caused by Dnm1p-mediated fission.
Mutations in several Dnm1p homologs including mammalian Drp1 [26] and Caenorhabditis elegans DRP-1 [27] were also shown to block mitochondrial fission. Conversely, overproduction of Dnm1p [28] and C. elegans DRP-1 [27] increases the number of mitochondrial fragments, suggesting that the rate of fission is limited by the steady-state level of this GTPase. Although the behavior of the inner and outer mitochondrial membranes during fission is coupled in yeast cells, division of the inner mitochondrial membrane in C. elegans is not affected by mutations that block outer mitochondrial membrane fission [27] . This finding raises the possibility that the coupling of the inner and outer mitochondrial membrane dynamics might be regulated differently in different organisms.
Biochemical analyses detect a cytoplasmic pool of Dnm1p in yeast cells [8] and of Drp1 in mammalian cells [26] . In vivo, however, a large proportion of these proteins assembles into punctate structures on the outer mitochondrial membrane [8, 26] . Immunogold labeling in yeast revealed Dnm1p clustering at constricted sites on mitochondrial tubules that appear to be dividing [9] . Time-lapse imaging of GFP-tagged Dnm1p in S. cerevisiae [10] , DRP-1 in C. elegans [27] and Drp1 in mammalian cells [26] showed that mitochondrial tubules divide at sites where these punctate structures are found. Together, these studies provide compelling evidence that cytoplasmic Dnm1p/DRP-1/Drp1 assembles at discrete sites on the outer mitochondrial membranes of all three species, where it plays a direct role in mitochondrial fission.
Mammalian dynamin is a tetramer that assembles into collars around the necks of clathrincoated pits at the plasma membrane [20] . GTP hydrolysis catalyzed by dynamin in these collars is required for the efficient fission and release of clathrin-coated vesicles [20] . Although Dnm1p is related to dynamin, there is currently no ultrastructural evidence that this yeast protein assembles into higher-order structures. However, two recent studies showed that mammalian Drp1 (also called Dlp1) [26, 29] assembles to form rings in vitro.
This ring formation induces tubulation of synthetic liposomes, raising the possibility that the mitochondrial dynamin family members form rings around mitochondrial membranes in vivo before organelle fission [29] . Clearly, more efforts must be made to determine whether Dnm1p forms rings and whether the rings formed in vitro are functionally and structurally equivalent to the punctate structures that regulate mitochondrial fission in vivo. In addition, it should be noted that the diameter of mitochondrial tubules is significantly larger than either the neck of a clathrin-coated pit or a synthetic tubule formed in vitro. Thus, the Dnm1p-containing structures visualized on mitochondrial tubules in vivo might contain additional molecules that accommodate this structural difference (for example, Mdv1p, see below). (To facilitate discussion, yeast Dnm1p and Mgm1p are depicted as forming rings around mitochondrial outer or inner membranes in Figs 2, 4 and 5.) How conformational changes in Dnm1p-or Mgm1p-containing structures lead to mitochondrial membrane constriction and fission is not currently understood.
New components of the outer membrane fission machinery
Recently, a genetic approach was used to identify novel molecules, called Mdv1/Fis2/Gag3/ Net2 [30] [31] [32] [33] and Fis1/Mdv2 [30, 31] , that work together with the Dnm1p GTPase during mitochondrial fission. Several lines of evidence show that Mdv1p (mitochondrial division 1) and Fis1p (fission 1) regulate fission. First, like dnm1 mutations, mdv1 and fis1 mutations block fission and result in the formation of interconnected mitochondrial nets [30] [31] [32] [33] . Second, fis1 and mdv1 mutations block mitochondrial fragmentation and mtDNA loss in the fzo1 fusion mutant [30, 31, 33] . Finally, the fis1 and mdv1 mutations are specific for fission and do not interfere with the fusion of mitochondrial membranes during yeast mating [30, 31, 33] .
The MDV1 gene encodes a soluble 80 kDa protein with an N-terminal extension, a central coiled-coil domain and seven C-terminal WD repeats (Fig. 4a ). Mdv1p interacts with Dnm1p in a yeast two-hybrid assay [30, 33, 34] and co-localizes with Dnm1p in punctate structures on the outer mitochondrial membrane [30, 33] , suggesting that the two proteins are part of a complex that marks future division sites. Interestingly, homologs of MDV1 have not been identified in higher eukaryotic genomes, suggesting that Mdv1p function is specific for yeast mitochondrial division or has been replaced by another gene product in multicellular eukaryotes.
The 17 kDa Fis1 protein spans the outer mitochondrial membrane, with its N-terminus exposed to the cytoplasm and its C-terminus facing the intermembrane space [31] . Unlike the punctate structures formed by Dnm1p and Mdv1p, Fis1p is distributed evenly over the entire mitochondrial surface [31] (Fig. 4a ). Homologs of FIS1 have been identified in a wide range of eukaryotes including worms, mammals and plants, suggesting that its role in mitochondrial division has been conserved [31] .
Mdv1p is required for Dnm1p function but not Dnm1p assembly
Localization studies revealed that Mdv1p is not required for the assembly of Dnm1p on mitochondrial tubules [30] [31] [32] [33] . In wild-type DNM1 MDV1 FIS1 cells, Dnm1p and Mdv1p localize together in complexes on the outer mitochondrial membrane that catalyze membrane fission (Fig. 4b, c) [30, 33] . In cells lacking the Mdv1 protein (DNM1 mdv1 FIS1), both the number and the distribution of Dnm1p complexes on the outer mitochondrial membrane appear wild type (Fig. 4b) [30] [31] [32] [33] . However, these Dnm1p-containing complexes are unable to complete the mitochondrial division event. These complexes are likely to be productive intermediates because MDV1 expression from an inducible promoter in DNM1 mdv1 FIS cells is sufficient to restore mitochondrial fission by these structures [30] . These results indicate that Mdv1p is not required for the recruitment of Dnm1p to the mitochondrial membrane or for its assembly into punctate structures. Instead, Mdv1p acts late in the fission pathway, after Dnm1p assembly, by stimulating a potentially rate-limiting step in fission.
Fis1p is required for assembly of functional Dnm1p-Mdv1p complexes
The topology of Fis1p on the outer mitochondrial membrane suggests that this protein might be acting early in the fission pathway as a 'receptor' on which to assemble functional Dnm1p fission complexes. In vivo localization studies of Dnm1p in fis1 mutant cells confirmed this prediction (Fig. 4b) . In contrast to both wild-type and mdv1-mutant cells, Dnm1p-Mdv1p division complexes fail to assemble correctly in the DNM1MDV1fis1 mutant and are instead present in a few large aggregates on the outer membrane (Fig. 4b, c ) [30, 31] . Because Dnm1p and Mdv1p associate within these aberrant structures, Fis1p is not required for the Dnm1p-Mdv1p interaction [30] . In addition, the role of Fis1p in the assembly of Dnm1p structures does not depend on Mdv1p function, because the aberrant Dnm1p localization pattern in the DNM1 MDV1 fis1 strain is identical to that found in DNM1 mdv1 fis1 cells [30, 31] . These observations suggest that Fis1p acts early in the fission pathway to regulate the assembly and distribution of Dnm1p-containing fission complexes on the outer mitochondrial membrane. Although these results clearly demonstrate a role for Fis1p in assembling Dnm1p-Mdv1p complexes, the ability of Dnm1p to associate with mitochondria in the absence of both Fis1p and Mdv1p suggests that Dnm1p interacts with specific lipids and/or additional molecules in the outer mitochondrial membrane.
Fis1p is required for a second function
A second, late function for Fis1p was suggested by Mdv1p localization studies [30] . In wildtype cells, Mdv1p assembles with Dnm1p in punctate structures associated with mitochondria (Fig. 4b, c) . In cells lacking Dnm1p (dnm1 MDV1 FIS1), Mdv1p is no longer observed in punctate structures but, interestingly, is still associated tightly with mitochondria and distributed evenly on the outer membrane ( Fig. 4c) [30, 32, 33] . This interaction of Mdv1p with mitochondria depends on Fis1p function because, in cells that lack both Dnm1p and Fis1p (Fig. 4c, dnm1 MDV1 fis1 ), Mdv1p no longer associates with the mitochondrial membrane and is found in the cytoplasm [30] . Thus, Fis1p targets Mdv1p to the mitochondrial membrane in the absence of Dnm1p. These findings suggest that Fis1p performs a second function late in the fission pathway via a direct Mdv1p-Fis1p interaction. Alternatively, the late Fis1p function might facilitate an interaction between Mdv1p and another unidentified component to regulate membrane division [30] . Regardless of the exact molecular interactions, these combined localization studies suggest that Fis1p function is required at least twice during mitochondrial division: at an early stage to regulate Dnm1p assembly and at a later stage, together with Mdv1p, to facilitate Dnm1p-dependent mitochondrial membrane constriction and division.
Regulation by Dnm1p occurs via a multistep pathway
Based on the genetic and cellular studies described above, a molecular model for mitochondrial division can be proposed (Fig. 5 ). The pathway of mitochondrial division consists of slow and fast steps. Assembly of Dnm1p onto the cytoplasmic face of the outer mitochondrial membrane is currently the earliest recognizable event in the pathway (Fig. 5,  top, step 1) . Although Mdv1p is part of the Dnm1p complex that is assembled, Mdv1p is not required for the assembly event itself. By contrast, the integral membrane protein Fis1p is required for the assembly of functional Dnm1p complexes. Other important features of this assembly step remain unclear, including the signals that determine the position of complex assembly and the overall conformation of the structure formed (rings, collars, etc.). However, it is clear that Dnm1p complex assembly is not a rate-limiting step in the pathway, because the number of visible complexes at steady state is large compared with the rate of division [8] , and time-lapse studies indicate that these complexes persist for a while before the fission event [10] .
What, then, are the rate-limiting steps? Based on electron microscopic analyses indicating that mitochondrial membrane constriction is relatively rare [9] , the first rate-limiting step is likely to be membrane or lipid remodeling events that generate a local constriction in the mitochondrial tubule ( Fig. 5, top, step 2) . Evidence that the GTPase cycle of Dnm1p might regulate this rate-limiting step in mitochondrial fission comes from mutational studies of the Dnm1p AH domain [28] . In previous in vitro studies of mammalian dynamin, the AH domain was shown to stimulate GTP hydrolysis by dynamin after the protein assembled to form higher-order structures [35, 36] . Based on these findings, dynamin's AH domain was renamed the GED [36] . Overproduction of a dynamin GED mutation predicted to prolong the GTP-bound state was shown to enhance the rate of endocytosis in vivo, consistent with the idea that dynamin-GTP regulates a rate-limiting step in endocytosis [36] . A later study established that this rate-limiting step was the formation of constricted coated pits [35] . The effect of Dnm1p's AH/GED on the rate of GTP hydrolysis by assembled Dnm1p has not yet been measured. However, production of an equivalent Dnm1-GED mutant protein has been shown to increase the steady state level of mitochondrial fission in yeast cells [28] . By analogy with the dynamin studies, this result is consistent with the idea that the Dnm1p AH/ GED region, and perhaps the Dnm1p GTPase cycle, modulate a rate-limiting membrane constriction step during mitochondrial division [28] . Most importantly, this study strongly suggests that Dnm1p functions as a classical GTPase, recruiting downstream partners required for membrane constriction when it is in its GTP-bound state (Dnm1p-GTP). Although Dnm1p might also perform a mechanochemical role during membrane constriction, there is currently no evidence for this.
At this point, models for the roles of Dnm1p, Mdv1p and Fis1p in mitochondrial constriction and fission are purely speculative. One possibility is that these three proteins form a complex that undergoes conformational changes that affect the Dnm1p GTPase cycle, the outer membrane constriction event or both. Possible molecular rearrangements of a hypothetical Dnm1p-Mdv1p-Fis1p complex during the membrane constriction step of mitochondrial division are shown in Fig. 5 . Division might be initiated by the recruitment of cytoplasmic Dnm1p-GTP to the mitochondrion, where Fis1p regulates its assembly into higher-order structures at the surface of the outer membrane. Mdv1p either assembles with Dnm1p-GTP during the formation of these higher-order structures or associates with Dnm1p-GTP in these structures after their formation. A conformational change in this complex that brings Fis1p and Mdv1p into contact might initiate membrane curvature and constriction ( Fig. 5 shows two possible conformational changes that bring Fis1p and Mdv1p into direct contact). Alternatively, Dnm1p-GTP might recruit additional components to this complex that either modify lipids in the outer membrane leaflet and induce membrane curvature or facilitate the mechanical constriction of the membrane tubule.
After membrane constriction is accomplished, GTP hydrolysis by Dnm1p might trigger disassembly of the Dnm1p-Mdv1p-Fis1p complex so that membrane fission can be completed (Fig. 5, step 3) . Although genetic and cytological evidence support many of the molecular interactions proposed by this model, further biochemical studies are required to establish the existence of such a Dnm1p-Mdv1p-Fis1p complex and any molecular rearrangements this complex undergoes during mitochondrial division. Moreover, although it is clear that Dnm1p can bind and hydrolyze GTP in vitro, the stages of the mitochondrial division reaction that require GDP binding, GDP-GTP exchange and GTP hydrolysis must be determined. Despite these caveats, this model contains several testable features and should provide a useful framework for the molecular, genetic and biochemical analysis of the mitochondrial division reaction.
Concluding remarks
Now that some of the players are known and a basic pathway for mitochondrial division has been mapped out, studies aimed at dissecting the biochemical roles of Dnm1p, Mdv1p and Fis1p can begin. These investigations will require the development of in vitro assays that reconstitute individual steps in the fission pathway. Identification of the molecular machinery that coordinates the behavior of both membranes during fission and fusion will also be essential. It is clear that mitochondria have much to teach us about membrane dynamics in general. As the molecular secrets of mitochondrial fission and fusion are unraveled, we will gain insights into similar processes occurring at other cellular membranes. Yeast mitochondria form a dynamic reticulum. Wild-type yeast cells producing mitochondrion-targeted green fluorescent protein (mito-GFP) were grown to log phase in media containing galactose at 30°C A 3 l aliquot was placed on a microscope slide under a coverslip and sealed with nail polish. (a) Stereo pair of a mito-GFP-labeled, unbudded yeast cell. Three-dimensional images were acquired using wide-field fluorescence microscopy. (b) Time-resolved images from a single optical section of 0.2 m. Time increases from left to right in 3 min increments as indicated. Arrows on the 3 and 9 min images mark fusion events; the arrow on the 21 min image marks a fission event. Bar, 2 m. Dnm1p and Fzo1p act in opposing fission and fusion pathways to maintain the yeast mitochondrial network. Ongoing fission and fusion events maintain a tubular mitochondrial network in wild-type yeast cells (middle). Loss of the Dnm1p GTPase (dnm1 ) leads to net formation owing to unopposed mitochondrial tip fusion (left). Loss of the Fzo1p GTPase (fzo1 ) leads to fragmentation owing to unopposed mitochondrial fission (right). The localization pattern of Dnm1p (red circles) is shown on the outer mitochondrial membrane in (from left to right) wild-type cells, fis1 mutant cells, mdv1 mutant cells and mdv1 fis1 mutant cells. The fission phenotype observed is indicated below each cell type. (c) The dependence of Mdv1p's mitochondrial localization pattern on DNM1 and FIS1 function. The localization pattern of Mdv1p (blue circles) is shown on the outer mitochondrial membrane in (from left to right) wild-type cells, fis1 mutant cells, dnm1 mutant cells and dnm1 fis1 mutant cells. In dnm1 fis1 mutant cells, Mdv1p localizes to the cytoplasm and is not shown (far right). The fission phenotype observed is indicated below each cell type. Abbreviations: AH, -helical domain; NTE, N-terminal extension; TM, transmembrane domain. 
